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Abstract 

The Southern Alps of South Island, New Zealand, is a young transpressive continental orogen exhibiting high uplift 
rates and rapid transcurrent movement. A joint US-NZ geophysical study of this omgen was carried out in late 1995 
and early 1996 to derive a three-dimensional mtxlel of the deformation. The measurements undertaken include active 
source and passive seismology, magnetotelluric and electrical studies, and petrophysics. Preliminary models for the active 
source seismic measurements across South Island confirm, in general terms, a thickened crust under the Southern Alps. 
a high-velocity lower crustal layer, and a major crustal discontinuity associated with the Alpine fault. The anisotropy m 
physical properties of the rocks of the plate Ixmndary zone is clearly demonstrated in the preliminary results of laba~ratory 
seismic velocity measurements, shear wave splitting and resistivity. The mid-crust under the Southern Alps coincides with 
a maior electrical conductivity high, which possibly correslxmds to fluid in the crust. The top lies at al'xmt 15 kin. close 
to the base of shallow seismicity east of the Alpine fault. Offshore the marine reltection data have consistently imaged 
a retlecti,,e lower crust adiacent to South Island. These data are showing complex structure, particularly off western and 
southeastern South Island. The complexity m structure, high-quality data and consistency in results from several techniques 
indicates thg, t the South Island experiment will contribute significantly to our knowledge of transpressive plate boundaries 
in partict, lar. anti the continental lithosphere in general. ,~ 1998 Elsevier Science B.V. All rights reserved. 
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I. Introduction 

The deformation of continents at convergent plate 
boundaries at present or in the past has been the 
lk~us of signilicant research effort: e.g. the Euro- 
pean Geotraverse (Plittner et al., 1988), Pyrenees 
(Choukrome and ECORS Team. 1989), INDEPTH 
(Zhao et al.. 1993), ESRU (Juhlin et al., 1996), 
LARSE (l':uis el al., 1996), Wind River Mountains 
(Smithson et al., 1978). The motivation for these 
studies is to document the st ructure and develop- 
ment of major compressional mountain belts, and to 
understand the processes causing this deformation. 

New Zealand lies across the Australian/Pacific 
plate boundary, which transects South Island as a 
transform boundary that connects the west-dipping 

Hikurangi subduction system in the northeast and 
the east-dipping Puysegur subduction system [o the 
southwest of South Island (Fig. 1). South Island 
is thus being deformed by the oblique collision of 
the continental Paeilic plate (eastern South Island. 
Chatham Rise and Campbell Plateau) with the con- 
tinental Australian plate (northwestern South Island. 
North Island and Challenger Plateau)(Fig. 1). This 
deformation is marked by the uplift of the South- 
ern Alps, which results from ramping up of eastern 
South Island along the Alpine fault, and gives rise to 
the distinct linear expression of the Alpine fault, and 
progressively higher-grade schists at the surface as 
the Alpine fault is approached l'rom the east (Fig. 2). 
About 450 km of dextral strike-slip motion, g() km 
of conver,,ence and 20 km of uplift have occurred 

- 3 5 '  

170'E 

A U S T R A L I A N  

P L A T E  

o 

) o C ~  ~" 

4 o " s  L Plateau , 7 

\.,.,_,/J 

t 75' 

35' 

~,~' 
Chatham Rise 

~ . ~  V.- d~'~ 

4~' 

PA. C I F I C  

P L A T E  

Campbell Plateau 
175' 

Fig. I. L(~alion map ol Nc~ Zcakmd rc,.zion. 



I':J. l )a r ' ev  e/~11./7~'(  t o r to /d tw ic~  2,%~¢ ¢ l g~,v, j 2 2 1  2 3 5  223  

MEDIAN 
WESTERN TECTONIC 
PROVINCE ZONE (MTZ) 

Paleozo/c ..... > Mesozo~ • 

PlulonLe and 
metasedimentary 
basement 

EASTERN 
PROVINCE 

Perm!an ---> Ju,'l~I¢ 

Torlesse terrane oreywacke 

[ ~ ]  Otago/AlpineiMarlburough scl.sl 
(medium- highgrade metasediment., 

-'ITITI.~ Caples,/Br ooke SI,q~alai,/M u rihl ku 
terrane (low grade metased~ments) 

"" .,I 

Challenger 

Pla tea u 

AUSTRAL~AN\ ,  
PLA TE 

/ '  . i* ( 

i 
.- 45'S 

i 

t,-¢ 
/ .( 

/ /-2,, 

,10% - 

~, 45s .... 

N.." 

ta "" ~02,. 

166'E 170% 

i I , / i / 

PACIF IC 
PLA TE 

• Ocean bottom seismograph (OBS) 

,,'x. Ocean bottom hydrograph (OBH) 

• Broadband seismograph 

© Short period seismograph 

Fig. 2. S I G H T  transects and ( )BS/ t l  locations,  and S A P S E  onshore  record ing  sites. Epiccnl rc  ol  Ihc :11,, 6. I ('as~, ear thquake  is marked 

hv an open ,,tar. Simplif ied geolog ' ,  showing  the tyro main crustal  terranes (Western Province and Eastern Pro,. inccl  and the ~ll'sct ~1 [h~: 

EaMcln Prt~',inc¢ across  the Alpine  fault. 

across this plate Ixmndary since the ()ligocene. but 
most of Ihe convergence is thought to have occurred 
in the past 5 m.y .  (e .g .  A l l i s ,  1986) .  

Several conceptual mtu:lels (Fig. 3) have been de- 
veloped for the structure under South Island, based 
on surface geology (Wellman, 1979; Norris et al., 

1990), gravity (Woodward, 1979" Allis. 1986), scis- 
micity (Reyncrs and Cowan, 1993; Eberharl-Phillips, 
1995). and limited active source seismic (Smith et 
al., 1995) and heatttow measurements (Shi et al.. 
1996). The basic models have two common comt~)- 
nents: the plate boundary suture is marked by the 
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Alpine fault zone which dips at 40 ° to the south- 
east to at least the base of  crust, and the spatial 
change in metamorphic grade in the surface rock 
exposures inferred to be caused by the uplift of  mid- 
lower crustal rocks along the Alpine fault from a 
mid- lower  crust detachment under South Island. The 
rocks under this detachment are either inferred to 
underplate central South Island, giving a crustal root 
and associated negative gravity anomaly (e.g. Wood- 
ward. 1979: Allis,  1986: Shi et al., 1996), or are 
subducted into the mantle to the west under the west- 
ern South Island/Tasman sea (e.g. Welhnan, 1979: 
Stern, 1995). Theoretical  models  for this continental 

collision deformation have been developed based on 
critical wedge theory; the indentor and two-sided 
critical wedge model of  Koons (1990). and geody- 
namic modell ing of  Beaumont and Quinlan (1994) 
and Beaumont et al. (1994). 

The geology of  the South Island can be divided 
into two main crustal terranes: a Western Province 
and an Eastern Province. separated by the Median 
Tectonic Zone (MTZ) (Fig. 2). The oldest rocks 
known m New Zealand are Paleozoic rocks of  the 
Western Province, which are a remnant of  Gond- 
wana. They are found in Northwest Nelson/West 
Coast, Fiordland. and offshore on the Challenger 
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Plateau and Campbell Plateau (Fig. 1) and consist 
of nletamorphic and intrusive igneous rocks, which 
were intruded by granites in the Cretaceous. The 
Eastern Province comprises a number of terranes 
of largely low-grade metasediments (greywacke to 
schist) which w.ere accreted during plate conver- 
gence and suhduciion in the Mesozoic. These are 
tile rocks which are hcing upthrust along the Alpine 
fault. 

The characteristics of  the Southern Alps orogen. 
thc relatively simple geology, the young deforma- 
tion, clear link between erosion and uplift, and high 
strain and uplift rates ~5 10 ram/y), provide several 
reasons for studying this example of  continental col- 
lision, hi addition, the relatively narrow South Ishmd 
allows the use of onshore-offshore seismic tech- 
niques to xttith both sides of  a continental orogen 
(Fig. 2i. 

A .joint U S - N Z  pro.joel is studying the lithe- 
spheric deformation of  this continentlil collishmal 
orogen in order to understand the processes involved 
in continental collision Lind how the active delk)rma- 
lion ix accommodated, particularly in a three-dimen- 
sional (3-D) situation resulting from ti'anspressive 
phlte motion. The project measurements include tic- 
tixe source and passive seismoh)gy, magnetotelluric 
and electrical studies, petrophysics and geological 
mapping, and gravity nleasurcrnents. In this paper. 
we oullinc the scope of the study, and present pre- 
litninar) results fronl thc various phases of  the w.ork 
x~hich werc completed during the austral sunllner 
1995/96. 

2. Experimental measurements and preliminary 
results 

Thc principal field activity during 1995196 was 
tin integrated onshore and onshore-offshore seismic 
refraction and wide-angle reflection experiment, car- 
ried out across the South Island lind extending about 
200 km offshore (Fig. 2). Measurements focused on 
two inain transects across the central part of  the is- 
hind and a third transect was completed tilting the 
southeastern inargin of South Island. Passive seis- 
inology, petrophysical and magnetotelluric experi- 
nlenls ,acre also carried out, centred on central South 
Island and the two main transects. These geophysi- 
cal pro.jects are also linked to a joint programme of 

repeated GPS surveys across South Island that are 
designed to establish the crustal kinematics within 
the plate boundary zone (Pearson et al.. Iq95). 

2./. 77w aclire source I'erlical aml  lri&'-an,~41c 
r~3ltection-r<sl)action seismic e.Vl~erinwnl. SI ( ; I IT  
(South I.~hmU Geol~H.v.~ical "/)an.ve<tJ 

Tile experiment had two main components. Thc 
first was a wide-angle reflection-refraction exper- 
iment alon,, txvo land transects (Profile 1 (north) 
and Profile 2 (south), Fig. 2) across central South 
Island. 23 chemical explosives (350 1200 kg) in 
horeholes tip it) (lO 111 deep were used as sound 
sources onshore, spaced equally across South Island 
w,ith sixteen shots on the northern transect and seven 
shots on the southern transect. 420 recording instru- 
ments (single-channel anti 3-component Refteks and 
EDAs) were deployed ahmg each transect, tit a norn- 
inal spacing of 400 m. to rccord the data. The second 
experimcnt consisted of  three offshore onshore lriln- 
sects, two along the ILlnd transects noted above, and 
a third across southeastern South Island. The third 
tnmsect l'orn+s a tie line across the eastern part of 
the former t,,',.o transects and provides informatitm on 
the same tcrrtlnes that are nov, being del'ornled and 
upthrust within the Alpine fauh zone (Fig. 2). During 
the second expcrmlent, data wcrc recorded h \  225 
Refteks on hind, spaced tit about 1.5 kill along the 
two profiles used in the land work lind ahout 10 krn 
intervals ahnlg the third transect and tie linen. T,,venl\ 
occan-bottonl scismographs/hydrophone Jnslruiilgnts 
(OBS/H) were deployed offshorc. Thc R/V I-win.c, 
tired shots lit -50-Ul inier\.als, using a 139-1 airgun 
array, ahmg eight nlain profiles, each about 2(X) knl 
hmg. It also recorded vertical incidence muliichannel 
seismic data to I() s two way travel tJnlc (iv, t) along 
these proliles. The survey first deployed the ()BS/I Is 
and shol thc proliles on the west of South Island and 
then redeployed the ()BS/Hs and shot the profiles eli 
the east of South Island (Fig. 2 I. 

Preliminary resulls from tile tmshore work sho~ 
P,; and il slrong lower crustlil rcllecied arri\a[ cleark. 
detected out to the nlaximum t'atl~C (16(i kin) 
(Pig. 4). The l'Arin7 airgun signals were detected 
lo ranges t)f at least 3(X) km on the onshore offshore 
data. and Pn can he seen (ill these data to ranges 
of al least 240 kill (Fig. 5). The" -[5000 (approx.) 
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airgun shots were recorded on most o f  the Refleks, 
and also on many of the broadband and short-period 
seismographs deployed concurrently for the passive 
seismology experiment. 

Preliminary modelling of both cxplosion and 
onshore -offshore data indicate a crust of fairly con- 
stant P-wave velocity (5.9--6.2 krn/s) overlying a 

lower crustal layer with seismic vehx.'ity of about 7 
km/s and 5-10 km thick (Fig. 6, see also Stem and 
McBride, 199g). The total crustal thickness varies 
l'ron] about 30 km at the east coast to  about 42 km 
under the Southern Alps. The decpcr crustal layer 
may correspond to the old (Cretaceous?) oceanic 
crust, which is thought to lie beneath the greywacke 
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and schists of South Island (Smith et al., 1995). 
The wide-angle retlection from the top of this old 
oceanic crust has a large amplitude and complex 
coda that may arise from multiple reflections within 
the oceanic crust. The data also provide further ev- 
idence of deep reflections from within the dipping 
(~40 °) Alpine fault zone, similar to those found m a 
earlier pilot study (Davey et al., 1995), and delayed 
lower crustal phases for west coast seismographs 
from shots east of the Southern Alps (Fig. 4), which 
could he duc to a deep low-velocity zone associated 
with the Alpine fault zone (Smith et al., 1995: Stern 
and McBride, 1998). 

A low fold common depth point section along 
Pmlile I, based on the sparse explosion data. shows 
a strong, but diffuse, retlective sequence interpreted 
as the lower crustal layer (Fig. 7). These preliminary 
results clearly show a crustal root, up to 8 km thick 
and limitcd in extent to the deforming Southern Alps 
orogen. The dipping, infen-ed Alpine fault zonc, rc- 
tlector of limited extent detected in the earlier survey 
(1)avey et al., 1995) has been projected, relative to 
the Alpine fault surface trace, onto the section and is 
labelled R in Fig. 7. This retlective element and the 
western, east-dipping, margin of the crustal root are 
aligned approximately with the surface outcrop of 
the Alpine fault zone, suggesting that these features 
may correspond to the subsurface extension of the 
Alpine fault zone and hence the leading edge of the 
Australian plate crustal indenter. 

Seismic sections from the marine vertical reflec- 
lion data show a well detined sedimentary section, 
which on the western profiles shows coastward thick- 
ening of sediments and onlap of reflectors onto base- 
ment, consistent with a foreland loading model for 
the west coast region (Kamp et al.. 1992). In general, 
clear lower crustal-Moho reflections are imaged 
along most of the tracks, and sub-Moho retlectors 
of limited extent (Fig. 8) occur off the west coast 

(MCS Line 3W, Fig. 2). Interpreted Moho lies at 
about lO s tWt off the west coast and at 8 s twt off 
the east coast, l,ower crustal reflectivity apparently 
lades with the inferred thinning and extension of the 
crust further offshore. 

2.2. Passire seismology e.vwrimenrs, SA PSE 
(Soutlwrn Alps Passive Seismic E~lwrimem) 

The Southern Alps Passive Seismic Expcrimcni 
(SAPSE) used stations distributed throughout the 
South Island (Fig. 2) to record both active (transect) 
and passive source data to use in a broad range 
of analyses to study fault geometry, inferred stress 
orientations, crustal velocity structure, and deeper 
structure using teleseismic tomography. Co-located 
stations will bc used to calibrate the variations in 
crustal thickness determined from receiver functions 
with the SIGHT results. 

The SAPSE array consisted of 26 intcrspe,scd 
broadband and 15 short-period {1 tlz) temporary 
3-component stations that wcrc augmented by 17 
permanent New Zealand stations. The stations v,.erc 
broadly distributed but centrally weighted towards 
the central Alpine fault and transect region (Fig. 21. 
After demohilisation of most of the dense South Is- 
land network in Apri l  1996. a subset of 7 SAPSE 
broadband stations was left in place. These sta- 
tions recorded until earl)' 1997. as part of SUNY's 
extensive regional surface wave network that in- 
cludes stations on Macquaric Ishmd, in Australia, 
and elsewhere in New Zealand. The broadband 
Refteks recorded 1 sample per second (sps) and 
50 sps continuous data streams and the short-period 
instruments recorded 100 sps event-triggered tt~.ll;L 
Triggered data streams on the broadband instruments 
wcrc quickly abandoned because of the high mi- 
croseism-noisc level. The network data volume was 
about 1.4 Gbytes per da). in SEGY formal. In-lield 

Fi~. c;. la) SAPSI" h~poccnlcrs from short-period data only. Events shown ha~¢ ~,ix or more obscrsaliCms and rmn residmd Icnn Ihan 
0.5 n. 900 ¢vcnt~, a re  shm~n of  35(X} recorded in Ihis region (57(X) recorded in t11¢ whole Soulh lslandL "]'hcse are prcliminar.~ location,,. 
Improved hypoccntcrs '.',ill be obtained for all events once the broadband dala are included and '.elocity models arc updated for the 
combined SAPSE nL'l~vork. M indicates cluster of  inferred ~,url'ace explosions near Mucrae's Mine. (avs Points Io ('ans e\enls. The ethel 
I:.lrgc Cltlslu'rn are conljnued aflersh(~.'ks o f  the It)t)4 ,.'~rlhtlrs pa~,s cilrthqu:Jkc. Also nl)l¢ lha! retraclioll shots are ~.l]'j~.L-l'vt, d along Ihe I\~.o 
proliles. (B) Cro~e,-s¢clion :,hm~ing ¢Vclltx ~,(~tlthwe~,t ~)t" Arlhtlrs pnnn proj¢cled olll(~ il neClion l'bormitl Io Ihc : \ lpine llttlh. "I'hc deplh 
resolution for lilt'St." prel iminary partild-nel'~,ork h)lx~ccntcrn in poor. hul signilJeanll) hcllCl them that indicated hs lilt.' ,'k'|~.lcrilu'n MIIIC 
cluslcr (M) which IJc's at the pcrJphcr~ o f  Ih¢ network. Da,~hcd line uullinc',, the z~m¢ e l  higher ,,cJsmJcil', on Ig,_'. ] ]. 
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processing was carried out. Preliminary hypocentre 
location has only been carried out to date tk)r the 
short-period stations. These locations indicate that 
crustal seismicity is concentrated under the Southern 
Alps at depths less than about 15 km (Fig. 9). 

These data also show broad-scale features and 
intriguing 3-1) focusing effects. Preliminary analysis 
indicates shear wave splitting >2  s at several sites. 
The November 4 Cass M 6.2 earthquake (Fig. 9) 
has a reverse fault mechanism with a strike of  NNE. 
consistent with its h)cation on the eastern margin of 
the orogen (Fig. 2). High-frequency telescismic body 
v, aves observed at SAPSE stations hold promise 
t\)r high-resolution crustal transfer functions and 
anisotropy analysis for delinition of a 3-D structure. 

2.3. Magnetotelluric +,,,d electrical xtudie.~ 

Forty-two wideband magnetotelluric (MT) sound- 
ings were collected to investigate the deep thcrrnal 
and fluid state beneath South Island. Thirty of these 
lie along Prolile 1 (Fig. 2). the northern transect. 
although a 30-kin data gap remains across the Main 
I)ivide due to no road access. Preliminary results 
for the main line (Fig. 10) ,eveal I 2 km thick- 
ness of  conductive Cenozoic sediments overlying 

resistive basement rocks. The basement rocks arc 
> 10{R) ohm-m representing cratonic rocks west of 
the Alpine fault and meta-greywackes overlying old 
oceanic crust to the east. The major feature of the 
MT transect is the response of a middle to Iowcr 
crustal conductive zone developing in amplitude to- 
v,.ard the v, est as the Main l)ivide is approached 
(Fig. I0). It has become very subdued again in the 
data west of  the Alpine fault, indicating closure of 
the conductor by tile p o i n l  the Alpine fault trace is 
reached. Preliminary models indicate that the depth 
to the high conductivity is about 15 kin. MT ',ound- 
ings made 50 krn to thc northeast and  southwest of 
Proiile I indicate a similar mid-crt, stal conducti,.c 
zone (see also Ingham. 1995), suggesting continuil) 
of a highly developed isolated mid-crustal conduc- 
tor parallel and underlying the eastern llank of  the 
Southern Alps. Thc most likely cause of  this conduc- 
tor is the developrncnl of  a fluidized zone m the deep 
crust, the bounds of  which would have profound 
ramilications for crustal rheology and partitioning ol + 
s t r a i n  b e c a u s e  such zones are relatively weak. The 
w e a k  z o n e  a l s o  m a y  contribute to the low seismicitv 
deep in the crust. There is evidencc th;.l! the up- 
pe r  bounds o f  d e e p  lluid zones may mark a crustal 
isotherm (Jiracek. 1995). 

VE~4 
:t: 3 -  

2O 

! 4 0  
VE=I 

6 0 -  
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8 0 -  
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0 5O 
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and high scJ>.)nicil', (h(+rizontal shading) but their clo,,c asnt~.'iatit)n v, ith thc region ()1 inferred high strum Irt)lll inodclling xtudicx, 

In addition, a combined I)C (multiple-source 
bitx~le-dipole) long offset time domain EM 
(LOTEM) resistivity survey was conductcd across 
tl~e Alpine fault (Tn the northern transect. More than 
70 measurement stations were distributed across the 
coastal plain and ahmg a 20-kin prolile crossing 
tile Alpine fault. Preliminary analysis indicates thai 
the DC apparent resistivities increase fl'om 10-20 
ohm-m about 5 km west of the fault to a max i l l lU t l l  

of 700 ohm-m adjacent to the Alpine fault. East of 
tile f au l t ,  resistivity values are in the order of 100- 
200 ohm-m for source receiver distances of 10-15 
kin. The apparent resistivity tensor ellipses change 
in eccentricity as the Alpine fauh is crossed and in- 
dicate anisotropy associated with the schistose rocks 
east of the fault. 

2.4. Petnqgtv.~iu.~ 

The physical properties of rocks from the central 
South Island region provide rigorous constraints on 
crustal structure models of the Alpine orogen. A 
rcpresentative suite of nx:k samples from the various 
tectono-stratigraphic terranes present in the central 
South Hand region has been collected fi)r labora- 
tory seismic velocity measurements over a range 
of crustal pressures, and has demonstrated that sig- 
nificant (--2()9~) anisolropy exists within the schist 

and mylonitc terranes associated with the Alpine 
fault (Okaya et al.. 1995). The anisotropy is present 
at all pressures and originates from l~rcferred inin- 
eral orientations. Greenschist and amphibolite facies 
rocks of the Haast schist terrane possess similar Iligh 
anisotropy. The pronounced vclocity anisotropy will 
affect passive and active source seismic wax.e prop- 
agation and will be incorporated into the analysis of 
the seismic data. 

3. Discussion and conclusion 

The present paper presents preliminary results for 
the field experiments carried out in South Island in 
1996. and much basic data processing and analysis 
remains to be done before robust models and in- 
terpretations can be constructed. Comnlon features 
of all phases of the lield work to date are the high 
signal-to-noise ratios of the data. and indications of 
structures within the crust and upper mantle that 
are distinctly different from normal continental litho- 
sphere. The anisotropy of the plate boundary zone 
has been clearly demonstrated by tile seismic vcloc- 
it5,, resistivity and shear wa,,e results. Preliminary 
models lor the active source seismic measurements 
across South Island suggest a thickened crust un- 
der the Southern AIps and tile high-velocity lower 
crustal layer, and support the model of a signili- 
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cant crustal root under the mountains and a m~Ljor 
discontinuity associated with the Alpine fault. More 
comprehensive modelling will yield a better con- 
strained and more detailed velocity rnodcl in which 
anisotropy must be included. Several features are as- 
sociated with the mid-crust under tile Southern Alps 
(Fig. 11 ). Shallow seismicity occurs only east of the 
Alpine fault down to a sharp limit at at depth of 
about 15 km (sec also Eberhart-Phillips, 1995) and is 
considered to relate to a weak fractured greywacke. 
A major conductivity high underlies this region, its 
top lies also at about 15 knl, and nlay correspond 
to fluid in the crust. No seismic discontinuity is de- 
tected at this depth on the active source data. Both 
high conductivity and high upper crustal seismic- 
it',' coincide broadly with the region of high strain 
interred from modelling studies (e.g. Beaumont et 
al.. 1994) and there may be a casual relationship. 
Offshore the marine reflection data have consistently 
imaged a reflective lower crust adjacent to both sides 
of  South Island. These data are showing complex 
structure, particularly off western and southeastern 
South Island. 

This complexity in structure, high-quality data 
and consistency in results from several techniques 
indicates that the South Island experiment will con- 
tribute significantly to our knowledge of transpres- 
sive plate boundaries in particular, and continental 
lithosphere in general. 
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